Exchange of ribosomal subunits (RSU) in the course of protein synthesis has been demonstrated in bacteria." 2 RSU have been shown to be stable during bacterial growth and to be continuously recycled through ribosomes.2 These results suggested that ribosomes dissociate into subunits between successive rounds of protein synthesis.
Subunit exchange has not yet been shown to occur in eucaryotic cells.
The addition of native RSU to a cell-free system from reticulocytes enhances the initiation of new globin chains.8 It may thus be inferred that RSU are involved in chain initiation in these cells. The present study was undertaken with the aim of demonstrating the role of RSU in protein synthesis in intact eucaryotic cells.
Inhibition of protein synthesis by NaF in reticulocytes is known to cause polyribosome disaggregation and accumulation of 80S ribosomes.9 NaF appears to inhibit specifically initiation of new chains, whereas it does not inhibit chain completion'0 11 or chain reinitiation on ribosomes already attached to messenger RNA after removal of peptidyl-tRNA by puromycin.'2 The present experiments show that NaF causes a decrease in the level of RSU preceding the inhibition of protein synthesis in reticulocytes and in HeLa cells. After removal of NaF, reappearance of RSU precedes the recovery from inhibition of protein synthesis. These experiments suggest that the presence of RSU is necessary for initiation of chain synthesis and also that NaF may interfere with the dissociation of 80S ribosomes into 60S and 40S subunits. Materials '3 Aliquots were withdrawn from the incubation mixtures and diluted immediately with 20 vol of ice-cold saline. The cells were collected and lysed with an equal volume of distilled water, and the lysate supernatant was obtained as previously described.'4 An aliquot of the lysate supernatant was analyzed for cpm incorporation in labeling experiments and for ODw after addition of 0.01 M KCN as previously described.'4 The lysate supernatant was diluted with an equal volume of medium A (0.01 M tris buffer pH 7.6, 0.01 M KCl, and 0.0015 M MgCl2), before being layered on sucrose gradients.
HeLa cells used in these experiments were type-3 cells growing in suspension cultures according to the method of Eagle.", Cells growing at a concentration of 4 X 105/ml were harvested by centrifugation and resuspended in 1/5 vol of the original incubation medium.
In each experiment 3 X 107 cells were incubated with constant stirring. The incubation was stopped by the addition of ice-cold Earle's saline, and the cells were collected by centrifugation. In experiments on the reversal of inhibition, the cells were washed four times with cold Earle's saline and reincubated in fresh medium. The cells were homogenized in 0.8 ml of RSB according to the method of Penman,'6 nuclei and mitochondria were eliminated.by centrifugation at 10,000 g for 5 min, and the supernatant was applied to sucrose gradients.
Analysis of ribosomal subunits: Diluted reticulocyte lysate (0. When reticulocytes or HeLa cells were washed five times and reincubated in a medium free of NaF, the RSU reappeared at a level identical to that of the unincubated controls (see Fig. 3 ). Thus, as inhibition of protein synthesis is reversible upon removal of NaF,9 so is the decrease of RSU.
The disappearance of RSU in the incubation with NaF requires protein synthesis to proceed. This was shown in experiments with reticulocytes and HeLa cells in which the inhibitor of protein synthesis cycloheximide was added prior to NaF. It has previously been shown that cycloheximide prevents in reticulocytes the disaggregation of polyribosomes caused by NaF. 18 No decrease in the level of RSU was observed when cycloheximide was added prior to NaF (Fig. 2) .
In control experiments, reticulocytes and HeLa cells were incubated with cycloheximide alone and no increase in the amount of RSU present was noticed (Fig. 2) . That cycloheximide may counteract the effect of NaF by increasing the level of RSU was thus excluded. These experiments showed that NaF does not alter directly the level of RSU by changing the ionic environment of the cells, but that their disappearance is dependent on protein synthesis, suggesting that RSU are utilized for initiation of protein synthesis and in the presence of NaF are not regenerated.
Kinetics of ribosomal subunits' decrease and reappearance: Studies on the kinetics of disappearance of RSU in reticulocytes and HeLa cells have been carried out. Analysis of several experiments showed that the RSU of reticulocytes decreased promptly after the addition of NaF. The decrease was progressive and Reticulocytes were incubated for 60 min at 370C with NaF, washed five times, and reincubated as described under Methods. Samples taken after 60-min incubation with NaF, after washing and during the reincubation without NaF, were analyzed as described under Methods. The minutes of incubation are indicated for each gradient.
led to a considerable reduction of RSU during the first two minutes of incubation ( Figs. 1 and 4) . Thus, the decrease in the level of RSU appears to precede the inhibition of protein synthesis, which occurs only later than two minutes (Fig. 5) , as Marks et al. have already shown.9
The kinetics of reappearance of RSU in reticulocytes and in HeLa cells has also been studied. After one-hour incubation with NaF, the reticulocytes were washed and the RSU analyzed before and after reincubation (Fig. 3) . It was surprising to observe that after the removal of NaF and before reincubation, a sizable amount of RSU reappeared; during the reincubation the RSU increased gradually to a normal level (Fig. 3) .
The rate of decrease of RSU in HeLa cells incubated with NaF was slower than in reticulocytes; a marked decrease was observed after more than ten minutes of incubation. The reappearance of RSU in HeLa cells after removal of NaF took more time than in reticulocytes. A level of RSU comparable to that of reticulocytes after two minutes of reincubation was observed in HeLa cells after five minutes.
In other experiments, NaF was removed by washing reticulocytes or HeLa cells with saline containing an inhibitory concentration of cycloheximide; then the cells were reincubated in the presence of cycloheximide. The RSU reappeared in the same way as in the experiment of Figure 3 , an indication that protein synthesis was not required for the re-formation of RSU. Since polyribosomes were "frozen" by cycloheximide and polyribosome re-formation was inhibited by this antibiotic,18 it was concluded that the RSU were formed at the expense of 808 ribosomes and not at the expense of a small amount of residual polyribosomes which might have been present after prolonged incubation with NaF.
The simplest model to explain the decrease of the RSU suggests that a 608 and a 40S RSU combine to form an 80S ribosome, possibly bound to mRNA in a polyribosome. It may thus be expected that RSU should decrease in equimolar amount. However, on the basis of the OD260 measurement, the decrease of the RSU was observed to be equimolar in only a few experiments; in the majority of VOL. 61, 1968 the experiments with HeLa cells, the 60S RSU appeared to be reduced more than the 40S while in reticulocytes the opposite case was often observed. The measurement of the area of the 60S peak could not be very accurate because of the incomplete separation from the 80S peak, particularly since the 80S ribosomes increased in incubations with NaF. Moreover, there is preliminary evidence that the 40S RSU is heterogeneous and that a heavier component, ordinarily present in small amount, does not decrease in the presence of NaF.'7 These facts are likely to introduce a systematic error in the measurement of RSU.
Role of ribosornal subunits in initiation of protein synthesis: Incubation of reticulocytes for 30 minutes with NaF completely inhibited protein synthesis (Fig. 5B) . When reticulocytes were washed with saline and reincubated in the absence of NaF, protein synthesis was resumed after a short delay at a rate comparable to that of control reticulocytes (Fig. 5B) . The time required to achieve a rate of protein synthesis similar to that of untreated reticulocytes was considerably shorter than the time required to observe complete inhibition of protein synthesis after addition of NaF to reticulocytes (Fig. 5A ). This may be explained by the presence of some RSU which reappear during the washing procedure (Fig. 3) . The experimental conditions used for the progressive removal of the inhibitor (about 40 minutes of washing at an actual average temperature of a few degrees above 00C) are compatible with a slight reactivation of the metabolic processes leading to the formation of RSU before reincubation at 370C.
The possibility that RSU formed during the washing were capable of initiating protein synthesis was tested in an experiment in which reticulocytes were incubated with NaF, washed and reincubated with NaF. During this reincubation, the reticulocytes synthesized protein for a short time (Fig. 5B) . A sucrose gradient analysis showed that some RSU were in fact formed during the washing but that they had disappeared by the time protein synthesis slowed down.
Discussion.-There is evidence that ribosomes in bacteria dissociate into RSU between rounds of protein synthesis.' 2 These observations have suggested several possible models of ribosome function to explain the presence of free RSU. Mangiarotti and Schlessingerl postulated that single ribosomes do not exist in vivo and that all the ribosomes dissociate into subunits at the end of a round of translation. This, however, does not seem to be the general situation in view of conflicting reports of other investigators, who have observed the presence of 70S ribosomes in bacteria under conditions in which degradation of polyribosomes was carefully excluded. '9 The present investigation supports a model of ribosome function in eucaryotic cells, in which 80S ribosomes are liberated from polyribosomes at the end of a round of translation. The 80S ribosomes dissociate then into 60S and 40S RSU; the combination of a 60S and a 40S takes place again just before or at the time that the synthesis of a new peptide chain is initiated.
This model is supported by the observation that RSU disappear from cells incubated with NaF, and 808 ribosomes accumulate in these cells, due to the fact that chain initiation is inhibited whereas chain completion is not.0" 11 Decrease PROC. N. A. S. 6;-6 of RSU takes place only in cells that are active in protein synthesis. This suggests that RSU are used up and are not re-formed in the presence of NaF.
The low solubility of MgF2 may suggest that the effect of NaF occurs via depletion of Mg++. However, this hypothesis is not consistent with data on RSU variation in HeLa cells as a function of Mg concentration20 and with the evidence that NaF inhibition of protein synthesis in reticulocytes is not due to Mg removal.'1 Our findings that cycloheximide prevents the effect of NaF on the level of RSU conclusively rules out this interpretation.
A study of the kinetics of disappearance and re-formation of RSU has shown that their decrease precedes the inhibition of protein synthesis and that their reappearance precedes the recovery from inhibition. Moreover, it has been shown that a small amount of RSU, which reappears after washing NaF, will support protein synthesis to a limited extent.
These experiments have established a correlation between the presence of RSU and the ability to initiate protein synthesis. Even though there has been no direct experimental evidence to demonstrate the binding of RSU to the initiating codon(s) of mRNA, the data obtained suggest that this is the role of RSU in eucaryotic cells.
The 80S ribosome appears to be an intermediate between polyribosomes and free RSU. The present experiments do not provide any indication as to whether the 80S ribosomes liberated from polyribosomes at the end of a round of translation enter into an 80S ribosome pool of which a random fraction dissociates into RSU, or whether the 80S ribosomes dissociate preferentially into RSU when released from polyribosomes.
The dissociation of 80S ribosomes into RSU seems to be an energy-requiring process. NaF, which interferes with this process, is known to inhibit glucose oxidation in reticulocytes and to cause a decrease in ATP concentration. 9 The dependence of the relative amount of 80S ribosomes and RSU on the energy supply of the cells may also explain the wide fluctuation in the amount of 80S observed in HeLa cells20 and the changes in the ratio 80S/RSU observed in these cells when they are transferred to fresh medium.17 These observations suggest that dissociation of 80S ribosomes into RSU may have a regulatory role to couple protein synthesis with energy supply; a decrease in energy supply or possibly adenosine 5'-triphosphate level may reduce the rate of dissociation of 80S ribosomes into RSU, thus preventing the initiation of new peptide chains.
Summnary.-Incubation of reticulocytes or HeLa cells with NaF causes polyribosome dissociation and decreases the level of ribosomal subunits. Addition of cycloheximide prior to NaF prevents polyribosome dissociation and decrease of RSU; cycloheximide by itself has no effect on the level of RSU. These experiments indicate that RSU are used up for protein synthesis in the presence of NaF and are not regenerated. A kinetic study of the decrease and reappearance of RSU, after NaF has been washed away, shows that the decrease precedes the inhibition of protein synthesis and that the reappearance of RSU precedes the reversal of inhibition. These data support a model of ribosome function in which the 808 ribosome is an intermediate between polyribosomes and RSU. Energy seems to be one of the requirements for the dissociation of 80S ribosomes.
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